Constraining dark photon model with dark matter from CMB spectral
  distortions by Choi, Ki-Young et al.
Constraining dark photon model with dark matter from CMB spectral distortions
Ki-Young Choia, Kenji Kadotab, Inwoo Parkc,b,∗
aInstitute for Universe and Elementary Particles and Department of Physics, Chonnam National University, 77 Yongbong-ro, Buk-gu, Gwangju, 61186, Republic
of Korea
bCenter for Theoretical Physics of the Universe, Institute for Basic Science (IBS), Daejeon, 34051, Korea
cDepartment of Physics, Korea Advanced Institute of Science and Technology, Daejeon, 34141,Republic of Korea
Abstract
Many extensions of Standard Model (SM) include a dark sector which can interact with the SM sector via a light mediator. We
explore the possibilities to probe such a dark sector by studying the distortion of the CMB spectrum from the blackbody shape due
to the elastic scatterings between the dark matter and baryons through a hidden light mediator. We in particular focus on the model
where the dark sector gauge boson kinetically mixes with the SM and present the future experimental prospect for a PIXIE-like
experiment along with its comparison to the existing bounds from complementary terrestrial experiments.
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1. Introduction
The energy spectrum of the cosmic microwave background
(CMB) follows the most perfect blackbody spectrum ever ob-
served. There yet can exist a minuscule deviation from the
blackbody when the CMB photons are not in a perfect equilib-
rium. The number-changing interactions such as Bremsstrahlung
and double Compton scatterings are not efficient enough for the
redshift z . 2 × 106 and the energy injection/extraction can
result in the Bose-Einstein distribution with a non-vanishing
µ parameter (rather than the blackbody distribution with µ =
0) [1]. For z . 5 × 104, even the kinetic equilibrium cannot
be maintained due to the inefficient Compton scatterings and
the spectrum distortion can be characterized by the Compton y-
parameter which is given by the line of sight integral of electron
pressure [2].
The attempt to measure potential CMB spectral distortion
has been made by the Far Infrared Absolute Spectrophotometer
(FIRAS) instrument aboard the COBE satellite [3] two decades
ago, leading to the upper bounds |µ| . 10−4 and |y| . 10−5.
The next generation space-telescope PIXIE [4] is expected to
improve the sensitivity to |µ| ∼ 5 × 10−8 and |y| ∼ 10−8.
The CMB spectral distortion can, for instance, be induced
by the energy injection into the background plasma in many
non-standard cosmological scenarios [5]. The examples include
the energy release from decaying heavy relics [6, 7], evapo-
rating primordial black holes [8], the annihilating dark matter
(DM) [9, 10] and the dissipation of acoustic waves [11, 12, 13].
Even in the standard cosmology, however, the CMB dis-
tortion can occur due to the energy transfer between the pho-
tons and the “baryons” (protons and electrons) [5, 14, 15]. The
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Coulomb interactions of non-relativistic plasma consisting of
baryons with photons can extract energy from the CMB and
maintain the kinetic equilibrium. The temperature of baryons
follows that of photons and decreases inversely proportional to
the scale factor of the Universe, Tb ' Tγ ∼ 1/a, instead of 1/a2
for the decoupled non-relativistic matter. This extraction of en-
ergy from the CMB results in the µ-distortion of the order of
µ ' −3 × 10−9.
The analogous effects can be induced when the DM is ther-
mally coupled to the photon-baryon plasma by the elastic scat-
terings, and such effects on the CMB spectral distortions were
first discussed in [16] and elaborated on in [17]. The additional
energy extraction from CMB into DM enhances the spectral
distortion of CMB with a negative µ. Since the DM number
density is inversely proportional to its mass, for a given DM
mass density, the FIRAS can constrain the DM mass up to
mχ ∼ 0.1 GeV and a future experiment such as PIXIE can fur-
ther extend its sensitivity to mχ ∼ 1 GeV. The CMB distortion
measurements would complement the other heavy DM searches
such as the direct detection experiments which rapidly lose the
sensitivity to sub-GeV DM due to the small recoil energy of the
nuclear target.
One of the intriguing models which can realize the cou-
pling of the DM to the SM particles is a ”dark photon” sce-
nario where there exists a dark sector with a broken U(1) gauge
symmetry [18, 19]. The phenomenology associated with such
a novel dark sector has received considerable attention in re-
cent years and a wide range of experimental searches have been
performed in the collider and beam dump experiments such as
BarBar, PHENIX, E137 and Charm [20, 21, 22, 23, 24, 25].
The constraints on the dark photon model from the cosmologi-
cal and astrophysical observations have also been discussed re-
cently [26, 27].
In this paper, we study the spectral distortion of CMB in the
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dark photon model, where the DM and baryons can interact via
a dark photon, caused by the momentum transfer between CMB
and DM via the elastic scatterings. We also illustrate the com-
parison with the existing constraints on the dark photon model
in the laboratory and astrophysical observations. We first re-
view the model in §2 followed by the estimation of CMB dis-
tortions in §3. §4 gives our results, followed by the conclusion
in §5.
2. Dark photon and DM
We consider the dark sector consisting of the dark photon
and DM. We assume that U(1)d gauge symmetry in the dark
sector has a kinetic mixing with U(1)Y in the SM of SU(3)C ×
SU(2)L×U(1)Y [18, 19]. The mixing is parametrised by a small
parameter ε as
Lmixing = ε2 BˆµνZˆ
µν
d (1)
where Bˆµν and Zˆdµν are the field strengths of U(1)Y and U(1)d
respectively. We also assume that the fermion DM χ has the
U(1)d gauge interaction with the gauge coupling gd as
Lint = −gdZˆdµχγµχ. (2)
After the electroweak symmetry breaking, we replace Bˆµν =
−sW Zˆµν + cW Aˆµν with sW = sin θW and cW = cos θW and the
mass of Zˆµν, m0Z , is generated from the Higgs mechanism. Sim-
ilarly we assume that the hidden gauge boson has a mass m0Zd
by U(1)d symmetry breaking through the hidden sector Higgs
mechanism.
The kinetic mixings between the gauge fields can be re-
moved and the kinetic terms can be canonically normalized by
the following field re-definition
AS Mµ
Z0µ
Z0dµ
 =

1 0 −εcW
0 1 εsW
0 0
√
1 − ε2


Aˆµ
Zˆµ
Zˆdµ
 (3)
leading to
L = −1
4
AS MµνA
µν
S M −
1
4
Z0µνZ
0µν − 1
4
Z0dµνZ
0µν
d
+
1
2
m0Z
2
Z0µZ
0µ − m0Z2
εsW√
1 − ε2
Z0µZ
0
d
µ
+
1
2
m0Z2 ε2s2W1 − ε2 + m0Zd 2 11 − ε2
Z0dµZ0µd (4)
The mass matrix of Z0µ and Z
0
dµ can be diagonalised by a
mixing parameter θX , ZS MµZdµ
 =
 cos θX − sin θXsin θX cos θX


Z0µ
Z0dµ
 (5)
where
tan 2θX =
2m0Z
2
εsW/
√
1 − ε2
m0Z
2 − m0Z2{ε2s2W/(1 − ε2)} − m0Zd
2 1
1−ε2
. (6)
The bare gauge fields are consequently related to the mass eigen-
states as
Aˆµ = AS Mµ − εcW sX√
1 − ε2
ZS Mµ +
εcWcX√
1 − ε2
Zdµ,
Zˆdµ = − sX√
1 − ε2
ZS Mµ +
cX√
1 − ε2
Zdµ,
Zˆµ =
(
cX +
εsW sX√
1 − ε2
)
ZS Mµ +
(
sX − εsWcX√
1 − ε2
)
Zdµ,
(7)
where sX = sin θX and cX = cos θX .
The electromagnetic current hence has the interaction
Lint = −eJµem
(
AS Mµ − εcW sX√
1 − ε2
ZS Mµ +
εcWcX√
1 − ε2
Zdµ
)
, (8)
and the DM interacts with Zdµ and Zµ as
Lint = −gdχγµχ
(
cX√
1 − ε2
Zdµ − sX√
1 − ε2
ZS Mµ
)
. (9)
We can therefore see that the electromagnetic current in the
SM which couples to Aˆµ can interact with the dark photon Zd
suppressed by ε. Since we are interested in the parameter range
mZd ∼ GeV  mZ , we can represent our dark sector model
with two free parameters ε and mZd in the following sections.
We hence discuss the CMB spectral distortions when the DM
interactions with the SM fields ψS M are mediated by the dark
photon, represented by the Lagrangian
Lint = −eεcWψS MγµψS MZdµ − gdχγµχZdµ. (10)
The corresponding Feynman diagram is shown in Fig 1. We
note here that the DM does not interact with the SM photon and
only couples to the SM particles by mediating Zd gauge boson
1.
3. CMB spectrum distortion from DM-baryon scattering
For the decoupled non-relativistic DM, the temperature de-
creases as Tχ ∼ a−2 (a is the scale factor). When DM is ki-
netically coupled to the background baryons (z & 104), how-
ever, Tχ evolves along with baryon temperature Tb obeying the
Boltzmann equation [26, 17]
T˙χ = −2HTχ + Γχb(Tb − Tχ), (11)
with
Γχb =
2cnNbσnmbmχ
(mb + mχ)2
(
Tb
mb
+
Tχ
mχ
)(n+1)/2
, (12)
1The DM coupling to the SM Z is suppressed by tan θX compared with that
to dark photon and hence negligible in the limit of mZd  mZ and a small ε.
2
Figure 1: Elastic scattering between baryon (ψ) and DM (χ) through a dark
photon (Zd) exchange.
where mb, Nb = N0ba
−3 are the baryon mass and number density.
cn is a constant of the order of unity depending on the power
n of the DM-baryon elastic scattering cross section σtr(v) =
σnvn with v being the DM-baryon relative velocity. We use the
conventional cross section for the momentum-transfer
σtr ≡
∫
dΩ(1 − cos θ) dσ
dΩ
. (13)
where the weight factor (1 − cos θ) represents the longitudinal
momentum transfer and regulates the spurious infrared diver-
gence for the forward scattering (corresponding to no momen-
tum transfer with cos θ → 1) [28].
The DM-baryon scatterings can cause the distortion of the
photon spectra and the rate of the photon energy extraction from
these elastic scatterings becomes [5, 17]
ργ
d
dt
(
∆ργ
ργ
)
= −3
2
(
N totb + rχbNχ
)
HTγ, (14)
where rχb ≡ Γχb(Tb − Tχ)/(HTb) parametrises the efficiency
of the momentum transfer from photons to DM, while the first
term on RHS represents the energy transfer from the photons to
baryons due to Compton scattering. The baryon number density
N totb = ρb/mH(2− 54YHe), with mH the mass of the hydrogen, and
YHe helium fraction by mass. Its integration can give the esti-
mation for the amplitude of the spectral distortion ∆ ≡ ∆ργ/ργ.
The observational bound from the FIRAS is |∆| . 6×10−5, and
this bound is expected to be improved for the PIXIE to the level
of ∆ ≈ 10−8.
For a simple power law form of the DM-baryon elastic scat-
tering cross section σtr(v) = σnvn, the FIRAS gives the upper
bound on the cross section as [17]
σn ≤ σmaxn ≡ Cn
mχ
mb
(
1 +
mb
mχ
) 3−n
2
(
amax
aµ
) n+3
2
mχ
mmaxχ
, (15)
amax = 10−4, aµ = 0.5 × 10−7 with mmaxχ = 0.18 MeV (the
same formulae are applicable for the future sensitivity of PIXIE
with the replacement mmaxχ = 1.3 GeV). For the DM-proton
scattering,Cn = (1.4×10−30, 1.1×10−27, 8.2×10−25, 5.5×10−22)
cm2 for n = (−1, 0, 1, 2) respectively and mb with the proton
mass mp [26].
The analogous bounds can be obtained for the scatterings
between DM and electrons by replacing the coefficients Cn in
Eq. (15) with Cn = (1.4 × 10−30, 2.6 × 10−29, 4.5 × 10−28, 7.0 ×
10−27) cm2 for n = (−1, 0, 1, 2) respectively and mb with the
electron mass me.
4. CMB spectral distortion in dark photon model
We now consider new constraints on the dark photon model
from the CMB spectral distortions due to the elastic scatterings
between DM and baryons. CMB distortions can probe the DM
mass smaller than GeV and complement the existing bounds
from other experiments as we shall discuss in the following.
In the dark photon model with a kinetic mixing outlined
in §2, the momentum transfer between DM and the baryon is
mediated by the dark photon as in Fig. 1. The corresponding
matrix element is
|M|2 = 64pi
2c2Wε
2ααD
(q2 − m2Zd )2
[
4(k ·p)(k′ ·p)+m2bq2+k ·k′q2+q4
]
, (16)
where α ≡ e2/4pi ' 1/137 and αD ≡ g2d/4pi. Here DM momen-
tum and the relative velocity of baryon-DM in the CM frame are
related as |~k| = vmχmb/(mχ +mb) assuming both the baryon and
DM are non-relativistic. The corresponding momentum trans-
fer cross section for mZd  |~k| is given by
σtr =
16pic2Wε
2ααD
(mχ + mb)2m4Zd
m2χm
2
b + O(v
2). (17)
Note that the leading term is independent of the velocity for the
non-relativistic hidden gauge boson.
Figure 2: The expected upper bound on the cross section from the PIXIE-like
CMB spectral distortion experiment is shown with the solid lines: σmax0 (χ − p)
for DM-proton scattering (blue) and σmax0 (χ − e) for DM-electron scattering
(purple) respectively [17]. We also show the constraints from Planck CMB data,
and CMB+ SDSS Lyman α data [26] with dashed lines for comparison. The
cross sections in the dark photon model are shown with dotted lines: σ0(χ − p)
for the interaction of DM with protons while σ0(χ− e) with electrons. Here we
used αD = 0.1, mZd = 1 MeV and ε = 10
−5 (for DM-proton) and 10−3 (for
DM-electron).
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Figure 3: The expected bounds from the CMB spectral distortion by PIXIE
(colored regions are excluded) when mZd  keV for a few representative DM
masses (mχ = 1 MeV, 300 MeV, 1 GeV), due to the elastic scattering between
DM and protons. αd = 0.1 is used for concreteness and the parameter sets
producing the CMB distortion of the order |∆| ≈ 3 × 10−9 expected in the
conventional standard cosmology are indicated in a dashed line (brown). The
other experimental constraints are adopted from [25].
Figure 4: The bounds due to the elastic scattering between DM and electrons,
to be compared with the bounds from the DM-proton scattering in Fig. 3.
Fig. 2 shows how the momentum-transfer cross section varies
in terms of mχ (dotted lines) along with the expected upper
bounds from the CMB distortion with the PIXIE-like sensitiv-
ity ∆ ' 10−8, (solid lines). The region above σmax0 is disfavored
due to the large spectral distortion. For the PIXIE experiment,
the constraint can be applied for the DM mass mχ ≤ 1.3 GeV,
since, for a larger DM mass, the distortion is too small due to
the smaller DM abundance as Nχ/N totb ∼ 3( GeV/mχ) [17]. The
dotted lines represent the constraints from the Planck CMB and
SDSS Lyα forest data obtained in Ref. [26] whose analysis are
applicable only to heavier DM mχ ≥ 10 GeV for comparison.
Figure 5: The expected upper bounds from PIXIE (colored regions are ex-
cluded) in terms of the DM mass (mχ) and the kinetic mixing (ε2) for mZd 
keV. The bounds from the DM-proton (DM-electron) scattering are shown with
solid (dashed) lines. Different colors are for a few representative dark photon
masses (mZd = 0.1 MeV, 1 MeV, 10 MeV) and αd = 0.1 is used for concrete-
ness.
Figs. 3 and 4 show the bounds from the CMB distortion
on the dark photon mass (mZd ) and the kinetic mixing (ε
2) for
different DM masses. We show the constraints from the DM-
proton interaction with mχ = 1 MeV, 300 MeV, 1 GeV in Fig. 3,
and those from the DM-electron interaction withmχ = 0.1 MeV,
1 MeV, 100 MeV in Fig. 4. We here used αD = 0.1 and mmaxχ =
1.3 GeV corresponding to the PIXIE sensitivity and the colored
regions are excluded. The parameter sets producing the dis-
tortion of the order |∆| ≈ 3 × 10−9 (corresponding to the ex-
pected magnitude in the conventional standard cosmology as
discussed in the introduction section) are also shown to indi-
cate the ultimate precision limit for the CMB spectral distortion
measurements. The other experimental constraints are adopted
from [25].
Fig. 5 shows the exclusion plots on the plane of the DM
mass (mχ) and the kinetic mixing (ε2). The expected excluded
regions from the CMB spectral distortion with a PIXIE-like
sensitivity due to the elastic scattering between DM-proton (solid
line) and those for the DM-electron (dashed line) scattering are
shown with different colors representing different dark photon
masses mZd (αd = 0.1 is used for concreteness). We expect the
momentum transfer is most efficient when two scattering parti-
cles are of the same mass and our figure indeed confirms that
the bound from the spectral distortion becomes tightest when
the DM mass is around the proton mass for the DM-protons
scattering and around the electron mass for the DM-electrons
scattering.
An interesting feature is that the constraints due to the DM-
proton interaction is stronger at mχ ∼ 100 MeV than those due
4
(a) DM-proton scattering
(b) DM-electron scattering
Figure 6: Expected upper bound on the momentum-transfer cross section σ−4
with σ = σ−4v−4 (blue solid) for DM-protons (a), DM-electrons scattering
(b). Three dotted lines are the predictions from the light dark photon model
with mZd  |~k| with ε2 = 10−20, 10−15, and 10−10 respectively. Here we used
αd = 0.1 and mZd = 1 eV.
to the DM-electron interaction even though σmax0 (χ − p) is ap-
proximately 100 times larger than σmax0 (χ − e). This is because
the cross section for DM-proton interaction is larger than that
for DM-electron by m2p/m
2
e as seen in Fig. 2, thus the constraint
becomes stronger compensating for the larger upper bound.
Our discussions so far focused on the dark photon mass
larger than the scale of the exchanged momentum mZd  |~k|,
where the velocity dependence in the momentum-transfer cross
section disappears at the leading order. We briefly discuss, be-
fore concluding our study, the opposite limit for a small dark
photon mass, where the cross section behaves as σ ∼ v−4.
For mZd  |~k|, the differential cross section becomes
dσ
dΩ
' 4c
2
Wε
2ααDm2χm
2
b
(mχ + mb)2
1
(2~k2(1 − cos θ) + m2Zd )2
, (18)
Figure 7: The experimental bounds (colored regions are excluded) in terms of
the DM mass (mχ) and the kinetic mixing (ε) for mZd  keV. The expected
excluded regions from the CMB spectral distortion by PIXIE due to elastic
scatterings between DM-proton (solid line) and DM-electron (dashed line) are
shown with the dark photon mass mZd = 1 eV and αd = 0.1 for concreteness.
and the corresponding momentum transfer cross section is
σtr ' 2pic2Wε2ααD
m2bm
2
χ
(mb + mχ)2~k4
ln  4~k2m2Zd
 − 1 ,
' 2pic2Wε2ααD
(mb + mχ)2
m2bm
2
χv4
ln 4 × 104 eV2m2Zd
 − 1 ,
≡ σ−4v−4.
(19)
In the second line we used the relation between |~k| and v, and
used the approximation that the logarithmic term does not change
much during the epoch of our interest for 106 . z . 104
(we thus used |~k| = 100 eV, a typical momentum scale around
z ∼ 106).
While the DM decoupling epoch can be approximated by
the step function for n = 0, the DM kinetic decoupling is far
from instantaneous transition for a light mZd where n = −4.
Therefore instead of using the step-function approximation as
done in [17], we here solve Eqs. (11) and (14) numerically to
obtain the upper bound on the momentum transfer cross sec-
tion. The corresponding bound is shown in Fig. 6 2. We can see
the bound has little dependence on the DM mass, which can
be expected from Eq. (14) characterizing the magnitude of the
spectral distortion. For a light DM, rχbNχ in Eq. (14) is indepen-
dent of DM mass because Γχb ∝ mχ and Nχ/N totb ∼ 3( GeV/mχ).
2For n ≤ −2, the thermal decoupling is gradual and the Maxwell-Boltzmann
distribution would not be a good approximation [17]. We need, in this case, a
more rigorous treatment by solving the Boltzmann equation in the phase space
and defer it to our future work.
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The mass dependence shows up for a larger DM mass mχ & mb
where Γχb ∝ 1/mχ and thus rχbNχ ∝ 1/m2χ, before the distor-
tion signals become too small to be detected for mχ & 1.3 GeV.
Also note the bounds have little dependence on the dark pho-
ton mass mZd because the cross section only depends logarith-
mically on mZd . This is reasonable because the dark photon
propagator 1/(k2 − m2Zd ) has a small dependence on mZd when
mZd  k. Fig. 7 shows the expected constraints on mχ and
ε2 from the DM-proton (solid lines) scattering and the DM-
electron scattering (dashed lines) for mZd = 1 eV and αd = 0.1.
5. Conclusion
We have explored the possibilities to probe the dark sector
where the hidden gauge boson kinetically mixes with the SM
from the CMB spectral distortion. The momentum transfer be-
tween baryon-photon plasma and DM can extract energy from
CMB and distort their spectra. We studied the effects in the dark
photon model as a concrete example beyond the SM. In partic-
ular, we focused on a relatively light (sub-GeV) dark photon
for detectable distortions in the CMB spectra, and studied the
expected bounds from the future experiments such as PIXIE.
We pointed out the different velocity dependence of the cross
section for a different dark photon mass and we presented the
bounds on the dark photon model in the regimes for large and
small masses of dark photon corresponding to n = 0 and −4
(the power of the cross section ∝ vn) respectively.
While the stringent bounds already exist on the dark photon
model, in particular, from the collider experiments, we illus-
trated that the astrophysical observables can also give the com-
pelling limits on the dark photon parameters totally independent
from those coming from the particle physics experiments. Our
new constraints from the CMB spectral distortion are compa-
rable with those already existing constraints at mZd = 10MeV.
More specifically, we found the CMB spectral distortion ob-
servables can give the tight bounds, for mZd  keV (which
corresponds to n = 0), when mχ ∼ mp(GeV) for χ − p scatter-
ing and when mχ ∼ me(MeV) for χ − e scattering. It can be
understood by the fact that momentum transfer is maximized
when the scattering particles have comparable masses. The
DM-electron scattering can give the tighter bounds than that
from DM-proton scattering for a lighter dark matter mass range
as illustrated in Fig. 5. For mZd  keV (which corresponds to
n = −4), in contrast, χ − p scattering gives stronger constraints
than χ − e scattering for the dark matter mass range considered
in our analysis. This is because, as Fig. 6 illustrates, the upper
bound on the momentum-transfer cross section of χ− p scatter-
ing is always stronger than χ − e scattering.
We leave the study for a more general dark photon mass
range taking account of the collisional Boltzmann equations
without assuming the Maxwell-Boltzmann distribution for our
future work.
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